1991; Shimane and Ogura, 2004; Strauch et al., 1989) . In addition to these four regulators, a number of proteins also infl uence the expression of aprE indirectly, such as DegQ, DegR, TenA, ProB, RapG, and RelA (Hata et al., 2001; Mukai et al., 1992; Ogura et al., 1994 Ogura et al., , 2003 Pang et al., 1991) .
Aconitase, an enzyme that catalyses the interconversion of citrate and isocitrate in the citric acid cycle, plays a great role in the cell metabolism and regulation of iron uptake (Alen and Sonenshein, 1999; Dingman and Sonenshein, 1987) . A citB null mutation in B. subtilis has been reported to cause a blockage in Spo0A-phosphate-dependent gene expression (Craig et al., 1997; Ireton et al., 1995) and accumulation of citrate (Craig et al., 1997) . It has also been shown that in some pathogenic bacteria, such as Staphylococcus aureus, Pseudomonas aeruginosa, and Xanthomonas campestris pv. campestris, aconitase is involved in the regulation of pathogenicity factor production (Somerville et al., 1999 (Somerville et al., , 2002 Wilson et al., 1998) .
Isolated from the natural environment of China, Strain NK1010 is a B. subtilis wild type strain with high protease productivity. To further increase the protease productivity of this strain, we carried out insertional mutagenesis of strain NK1010 using the transposon mini-Tn10 (Steinmetz and Richter, 1994) and isolated one strain with high production extracellular proteases. Surprisingly, in this strain, the citB gene encoding aconitase was inactivated. After the mutant strain was complemented with citB gene expressed from plasmid pHCMC02-citB, the phenotype of the mutant strain could be partially restored. Furthermore, a citB selective inactivation strain, constructed with pMUTIN4, exhibited increased extracellular protease productivity. In summary, our results indicate that alkaline protease production in B. subtilis may be infl uenced by aconitase activity.
B. subtilis strain NK1010, B. subtilis strain 168, E. coli strain DH5α and plasmids pIC333, pDG1663, pH-CMC02, and pMUTIN4 were stored in our laboratory. Strain citB (GWH1023), citB + (GWH1024) and plasmids pDG1663-PaprE, pHCMC02-citB, and pMUTIN4-citB were constructed in this study. Unless stated otherwise, the B. subtilis strains were routinely grown at 37 C in liquid DS medium (0.8% nutrient broth, 0.1% KCl, 0.025% MgSO 4 ·7H 2 O, 1 mM Ca(NO 3 ) 2 , 10 mM MnCl 2 , 1 mM FeSO 4 ). E. coli DH5α was routinely grown at 37 C in LB medium (1% tryptone, 0.5% yeast extract, 0.5% NaCl). The same medium with the addition of agar was used for growth of bacteria on plates. The antibiotics used, when appropriate, were chloromycetin (Cm), 5 μg/ml and erythromycin (Ery), 0.3 μg/ml for B. subtilis strains; ampicillin (Amp), 50 μg/ml for E. coli strains; and spectinomycin (Spc) 100 μg/ml for B. subtilis and E. coli.
Transposition of mini-Tn10 was conducted within the B. subtilis wild type strain NK1010 as described previously (Straight et al., 2007) . The mini-Tn10 insertion and its fl anking DNA segments were cloned and sequenced with the primers Tn10-up (sequence: GCC G C GTTGGCCGATTC) and Tn10-down (sequence: G A T A TTCACGGTTTAC). To determine whether the mutant strain carried more than one insertion locus, Southern blot hybridization analysis was performed using the DIG High Prime DNA Labeling and Detection Starter Kit I (Roche Applied Science) following the manufacturer s protocols.
Extracellular protease productivity was tested using DS agar plates supplemented with 1.5% (w/v) skimmed milk. Cultures to be tested were grown to mid-late exponential phase in DS medium from a freshly streaked DS agar plate and 2 μl of the culture was spotted onto the assay plate and incubated at 37 C for 18 h. To quantify the extracellular protease productivity, the diameter of the hydrolytic halo surrounding the colony was measured and the diameter of the colony subtracted.
To complement the citB mutation, the citB gene was amplifi ed from the genomic DNA of B. subtilis wild type strain NK1010 with primers citB-1(sequence: TATGG A T C CGATCTGATCTGAAGGGGGATT) and citB-2 (sequence: TAAACGCGTAAAGCGAAATGCCTTCTCTTC) and cloned into expression vector pHCMC02 (Nguyen et al., 2005) . Transformants were screened with Cm resistance. After verifi cation with DNA sequencing, the resultant plasmid pHCMC02-citB was transformed into the mutant strain GWH1023 to construct the complemented strain GWH1024.
To detect the expression level of aprE, the aprE promoter region, approximately 600 bp, was amplifi ed from NK1010 genomic DNA using primers aprE-1 (sequence: AAAACGTTGGATAGAGCTGGG) and aprE-2 (sequence: AATGGATCCCAGAGTAGACTTACT T A A A A G). The amplifi ed promoter region was cloned into the EcoRI/BamHI sites located upstream of the lacZ gene in pDG1663 (Guerout-Fleury et al., 1996) . The transformants were selected from the LB plates with Amp resistance and the sequence was verifi ed by DNA sequencing. The resultant plasmid pDG1663-PaprE was then transformed into NK1010, GWH1023 and GWH1024 respectively and integrated into the thrC locus by a double-crossover recombination.
To transduce the mutant phenotype to a clean background strain, B. subtilis 168, a fragment of the citB gene was amplifi ed from the genomic DNA by PCR with primers citBT-1 (sequence: TTAAAGCTTCTATC T G C TATGCAGGAAACG) and citBT-2 (sequence: ATT G G A T CCGTAATTAGGCACCTTAAGCCC) and then ligated into pMUTIN4. pMUTIN4 containing the target sequence inactivated the citB gene by integration via a single crossover event as has been described previously (Vagner et al., 1998) .
Aconitase activity was determined with a method described previously (Dingman and Sonenshein, 1987) . One unit of activity was defi ned as a change in absorbance of 0.0033 per minute. Aconitase-specifi c activity was expressed in units of activity per minute per milligram of total protein.
Approximately, 1,000 mutants were screened for the extracellular protease productivity. One mutant strain, GWH1023, with increased extracellular protease productivity, which was about fourfold that of the wild type strain, was isolated (Fig. 1) . We then investigated the mutant locus affecting extracellular proteases in GWH1023. The results revealed that the insertion took place within the ORF of citB gene ( Fig. 2A) . To determine whether other insertion loci exist in this mutant strain, the genomic DNA from this strain was analyzed with Southern blot hybridization with a mini-Tn10 probe. As shown in Fig. 2B , a single mini-Tn10 insertion was detected in the chromosomes of GWH1023.
To confi rm the effect of citB mutation on extracellular protease productivity, plasmid pHCMC02-citB was constructed and transformed into the mutant strain. The complemented strain GWH1024 partly restored the phenotype of the wild type strain, and exhibited a low level of extracellular protease productivity, though it still was higher than that of the wild type strain NK1010 (Fig. 1) . This result indicates that the increased extracellular protease productivity of the mutant strain GWH1023 is probably caused by the insertion mutation of gene citB.
To further confi rm the citB gene is directly involved in extracellular proteases productivity, a citB mutation was introduced in B. subtilis strain 168 with integrative plasmid pMUTIN4. As shown in Fig. 3 , the citB mutant of B. subtilis strain 168 exhibited increased extracellular protease productivity in comparison with that of the parent. The result supported the conclusion that the inactivation of citB would cause an increase of protease productivity.
Aconitase, encoded by citB, plays an important role in the metabolic network (Dingman and Sonenshein, 1987) . Our fi nding that a citB insertion mutation affected extracellular protease production prompted us to study the relation between aprE expression and aconitase. We tested the aconitase activity and aprE expression level in strains NK1010, GWH1023 and GWH1024 respectively. We found that almost no aconitase activity was detectable in the mutant strain GWH1023, and more interestingly, the aconitase activity was partly restored in the complemented strain GWH1024 (Fig. 4A ). This result showes that the insertion mutation of citB gene deprives strain GWH1023 of aconitase activity. The different levels of the aconitase activity between the mutant and complemented strains might be caused by the different expression patterns of citB in the two strains.
Next, we detected aprE expression levels in different genetic backgrounds or nutrition conditions. We found that the expression level of aprE increased about three- Fig. 1 . Effect of citB insertion mutation on extracellular protease productivity.
A. Phenotype of strain WT (NK1010), citB (GWH1023) and citB + (GWH1024) on the protease assay plate. B. Quantifi cation of the hydrolytic halo diameter. Extracellular protease productivity was indicated by the diameter of the hydrolytic halo minus the diameter of the colony. The data are the mean value of at least 3 independent experiments. A. Mini-Tn10 insertion site of strain GWH1023. The insertion mutation happened in the ORF of citB at locus 1,927.683 kb of the genome DNA. B. Southern hybridization analysis of miniTn10 insertion mutant strain GWH1023. Chromosomal DNAs of strain GWH1023 (lane 1) and wild type strain NK1010 (lane 2) were digested with EcoRI and HindIII and separated on 0.8% agarose gels. Fig. 3 . Phenotypes of B. subtilis strain 168 and citB inactivation mutant strain 168 (citB ) on the protease assay plate.
fold in the citB mutant strain compared to that of the wild type strain, which was consistent with the extracellular protease productivity assay results (Fig. 4B) . The complemented strain GWH1024 exhibited an aprE expression level lower than that of the citB mutant strain, but still higher than that of the wild type strain. These data suggest that aconitase activity might inhibit aprE expression and the increased production of alkaline protease is induced by the inactivation of citB. When the mutant strain GWH1023 was incubated in the medium containing 10 mM isocitrate, the aprE expression level decreased markedly. This result suggests that the enhanced aprE expression level of citB mutant strain may be caused by the lack of isocitrate, the product of aconitase in the citric acid cycle.
B. subtilis aconitase was reported to be a bifunctional protein that can bind to the UTR of some mRNAs and at the same time regulate the expression of the genes such as feu operon and qoxD at the post-transcription level (Alen and Sonenshein, 1999) . However, among the genes regulated by aconitase, most are involved in iron metabolism, and the effect of aconitase on aprE expression has not been reported till now. Inactivation of aconitase has been reported to cause the blockage of Spo0A-P-dependent gene expression (Craig et al., 1997) . AbrB, as one repressor of aprE, can be repressed by Spo0A-P (Molle et al., 2003) . Hence, inactivation of aconitase may have a negative effect on aprE expression, which seems to confl ict with the phenomenon we observed. There are probably some other uncovered effects exerted by aconitase. Recently, Tanaka and his colleagues (Abe et al., 2009) reported that aprE expression is increased by disruption of the glutamine synthetase gene glnA, and they suggested that aprE expression is under global regulation of TnrA, which responds to the availability of nitrogen sources (Wray et al., 1996) . Our fi nding that aprE expression is signifi cantly increased in the citB mutant strain suggests that the deprivation of aconitase activity may block the citric acid cycle. Since α-ketoglutarate, one intermediate product of the citric acid cycle, is an important biosynthetic precursor for glutamine (Commichau et al., 2008) , the inactivation of citB can exert a decreasing effect on the level of glutamine in the cell. As a result, the decreased glutamine level might affect aprE expression due to the disruption of the glutamine synthetase gene glnA. TnrA is fully active due to the absence of feedback inhibition by the complex GlnA-Gln and the high level of TnrA increases aprE expression (Abe et al., 2009) .
Considering the dual roles of aconitase, inactivation of the citB gene must affect the growth status of B. subtilis in a complex way. To test this hypothesis, further studies need to be done, for example, detecting the level of TnrA in the citB inactived strain. Fig. 4 . Effect of aconitase activity on aprE expression. A. Aconitase activity of cell extracts. Strain WT (NK1010) and citB (GWH1023), citB + (GWH1024) were grown on DS medium. Cells were harvested at T2 (2 h after the end of the exponential phase) and ultrasonically disrupted and then the aconitase activity was taken. B. Expression of aprE-lacZ fusions containing the promoter region of aprE. Solid tetragons, open triangles and solid triangles represent strain NK1010 (WT), GWH1024 (citB + ) and GWH1023 (citB ) growth on DS medium separately. Open tetragons represent strain GWH1023 (citB ) growth on DS medium containing 10 mM DL-isocitrate. T0 indicates the time of the end of the exponential growth. Samples were taken at a time interval of 1 h. All the data are representative of at least 3 independent experiments.
